Abstract-This paper proposes a novel converter topology that interfaces four power ports: two sources, one bidirectional storage port, and one isolated load port. The proposed four-port dc/dc converter is derived by simply adding two switches and two diodes to the traditional half-bridge topology. Zero-voltage switching is realized for all four main switches. Three of the four ports can be tightly regulated by adjusting their independent duty-cycle values, while the fourth port is left unregulated to maintain the power balance for the system. Circuit analysis and design considerations are presented; the dynamic modeling and close-loop design guidance are given as well. Experimental results verify the proposed topology and confirm its ability to achieve tight independent control over three power-processing paths. This topology promises significant savings in component count and losses for renewable energy power-harvesting systems.
I. INTRODUCTION
A S INTEREST in renewable energy systems with various sources becomes greater than before, there is a supreme need for integrated power converters that are capable of interfacing, and concurrently, controlling several power terminals with low cost and compact structure. Meanwhile, due to the intermittent nature of renewable sources, a battery backup is normally required when the ac mains is not available. This paper proposes a new four-port-integrated dc/dc topology, which is suitable for various renewable energy harvesting applications. An application interfacing hybrid photovoltaic (PV) and wind sources, one bidirectional battery port, and an isolated output port is given as a design example. It can achieve maximum power-point tracking (MPPT) for both PV and wind power simultaneously or individually, while maintaining a regulated output voltage.
Compared to the effort spent on the traditional two-port converter, less work has been done on the multiport converter [1] - [27] . But, due to the advantages like low cost and compact structure, multiport converters are reported to be designed for various applications, such as achieving three bus voltages of 14 V/42 V/H.V. (high voltage of around 500 V) in electric vehicles or hybrid electric vehicles [8] , [9] , interfacing the PV panel and a battery to a regulated 28-V bus in satellite platform power systems [19] , [20] , PV energy harvesting with ac mains [4] or the battery backup [6] , hybrid fuel cell and battery systems [11] , [15] , and hybrid ultracapacitor and battery systems [12] . From the topology point of view, multiinput converters based on buck, boost, and buck-boost topologies have been reported in [1] - [7] . The main limitation of these configurations is the lack of a bidirectional port to interface storage device. Multiport converters are also constructed out of a multiwinding transformer based on half-bridge or full bridge topologies [8] - [17] . They can meet isolation requirement and also have bidirectional capabilities. However, the major problem is that they use too many active switches, in addition to the bulky transformer, which cannot justify the unique features of low component count and compact structure for the integrated multiport converter. The proposed four-port dc/dc converter has bidirectional capability and also has one isolated output. Its main components are only four main switches, two diodes, one transformer, and one inductor. Moreover, zero-voltage switching (ZVS) can be achieved for all main switches to allow higher efficiency at higher switching frequency, which will lead to more compact design of this multiport converter. The control design is also investigated based on the modeling of this modified half-bridge topology. In addition, a decoupling network is introduced to allow the separate controller design for each power port. Finally, a prototype has been built to verify the four-port converter's circuit operation and control capability. The proposed converter is a valuable candidate for low-power renewable energy harvesting applications.
II. TOPOLOGY AND CIRCUIT ANALYSIS
The four-port topology is derived based on the traditional twoport half-bridge converter, which consists of two main switches S 1 and S 2 . As shown in Fig. 1 , one more input power port can be obtained by adding a diode D 3 and an active switch S 3 . Another bidirectional power path can be formed by adding a freewheeling branch across the transformer primary side, consisting of a diode D 4 and an active switch S 4 . As a result, the topology ends up with four active switches and two diodes, plus the transformer and the rectification circuit. The proposed converter topology is suitable for a number of power-harvesting applications, and this paper will target the hybrid PV wind application. It should be noted that since the wind turbine normally generates a threephase ac power, an ac/dc rectifier needs to be installed before this four-port dc/dc interface and after the wind turbine output. And the rectification stage can utilize either active power factor correction (PFC) or passive PFC. However, the ac/dc solution is beyond the scope of this paper. Fig. 1 . Four-port half-bridge converter topology, which can achieve ZVS for all four main switches (S 1 , S 2 , S 3 , and S 4 ) and adopts synchronous rectification for the secondary side to minimize conduction loss.
TABLE I VALUES OF CIRCUIT PARAMETERS
As shown in Fig. 1 , the derived four-port-modified half-bridge converter provides three independent control variables, namely duty cycles d 1 , d 2 , and d 3 to control S 1 , S 2 , and S 3 , respectively, while S 4 will be controlled by 1- 3 . This allows tight control over three of the converter ports, while the fourth port provides the power balance in the system. The switching sequence ensures a clamping path for the energy of the leakage inductance of the transformer. This energy is further utilized to achieve ZVS for all primary switches for a wide range of source and load conditions. The secondary side adopts a synchronous rectifier to minimize the conduction loss. This also simplifies the feedback controller design, because the transition from continuous conduction mode (CCM) to discontinuous conduction mode (DCM) is avoided.
The values of circuit parameters used in the simulation and experimental circuit are listed in the following table (see Table I ). Fig. 2 illustrates a possible modulation approach to realize the constant frequency pulsewidth modulation (PWM) control, where V sawtooth is the sawtooth carrier waveform for modulation, V c1 , V c2 , and V c3 are control voltages derived from the voltage or current feedback controllers. By modulating these control voltages, driving signals for S 1 , S 2 , and S 3 can be generated, respectively. Then, by reversing S 1 and S 3 driving signals, S 4 and two SR signals can be obtained. It should be noted that S 2 , S 3 , and S 4 do not need to be gated ON at the same time; instead, S 3 is only required to turn ON a little earlier before S 2 turns OFF, and S 4 is only required to turn ON a little earlier before S 3 turns OFF. No dead time is necessary between S 2 and S 3 , nor between S 3 and S 4 , because the existence of diodes can prevent shoot-through problems. But the dead time between S 1 and S 2 and between S 1 and S 4 is necessary to prevent shoot-through, and also to create ZVS conditions for S 1 and S 2 . 
A. Driving Scheme

B. Principle of Circuit Operation
The steady-state waveforms of the four-port converter are shown in Fig. 3 , and the various operation stages in one switching cycle are shown in Fig. 4 . To simplify the analysis of operation, components are considered ideal, except otherwise indicated. The main operation stages are described as follows.
Stage 1 (t 0 -t 1 ): Before this stage begins, the body diode of S 1 is forced on to recycle the energy stored in the transformer leakage inductor, and the output is freewheeling. At time t 0 , S 1 is gated ON with ZVS, and then, the leakage inductor is reset to zero and reverse-charged.
Stage 2 (t 1 -t 2 ): At time t 1 , the transformer primary current increases to the reflected current of i L o , the body diode of SR 2 becomes blocked, and the converter starts to deliver power to output.
Stage 3 (t 2 -t 3 ): At time t 2 , S 1 is gated OFF, causing the leakage current i p to charge the S 1 parasitic capacitor and discharge the S 2 , S 3 , and S 4 parasitic capacitors.
Stage 4 (t 3 -t 4 ): At time t 3 , the voltage across the S 2 parasitic capacitor is discharged to zero, and the S 2 body diode conducts to carry the current, which provides the ZVS condition for S 2 . During this interval, the output is freewheeling through SR 1 and SR 2 body diodes.
Stage 5 (t 4 -t 5 ): At time t 4 , S 2 is gated ON with ZVS, and then, the leakage inductor is reset to zero and reverse-charged. The output inductor current drop from t 2 to t 5 is due to the leakage inductor discharge/charge.
Stage 6 (t 5 -t 6 ): At time t 5 , the transformer primary current increases to the reflected current of i L o , the body diode of SR 1 is blocked, and the converter starts to deliver power to output.
Stage 7 (t 6 -t 7 ): At time t 6 , S 2 is gated OFF, thus causing the leakage current i p to charge the S 2 parasitic capacitor and discharge the S 1 and D 3 parasitic capacitors.
Stage 8 (t 7 -t 8 ):
At time t 7 , the voltage across D 3 is discharged to zero, and then, D 3 conducts. S 3 is gated ON before this time; therefore, S 3 has natural ZVS. Output inductor current freewheels through SR 2 during this period.
Stage 9 (t 8 -t 9 ): At time t 8 , S 3 is gated OFF, thus causing the leakage current i p to charge S 2 and S 3 parasitic capacitors and discharge S 1 and D 4 parasitic capacitors.
Stage 10 (t 9 -t 10 ): At time t 9 , the voltage across D 4 is discharged to zero and D 4 conducts. Since S 4 is gated ON before this time, the leakage current freewheels through D 4 and S 4 , so that the leakage energy is trapped. On the secondary side, output inductor current freewheels through SR 1 and SR 2 .
Stage 11 (t 10 -t 11 ): At time t 10 , S 4 is gated OFF, causing the trapped leakage energy to discharge the S 1 parasitic capacitor and charge the S 2 , S 3 and S 4 parasitic capacitors.
Stage 12 (t 11 -t 12 ): At time t 11 , the voltage across S 1 is discharged to zero, and the S 1 body diode conducts to carry the current, which provides ZVS condition for S 1 . During this interval, the output is freewheeling. This is the end of the switching cycle.
C. Steady-State Analysis
Assuming an ideal converter, the steady-state voltage governing relations between different port voltages can be determined by equating the voltage-second product across the converter's two main inductors to zero. First, using volt-second balance across the primary transformer magnetizing inductance L M in CCM, we have Assuming CCM operation, the voltage-second balance across the load filter inductor L o then yields
where n is the turns ratio of the transformer, V s , V w , V b , V o are the solar input, wind input, battery, and output voltages, respectively. The following equation is based on the power balance principle, by assuming a lossless converter, steady-state port currents can be related as follows:
where I s , I w , I b , I o are the average solar input, wind input, battery bidirectional, and load currents, respectively. The battery current I b is positive during charging and negative during discharging.
D. ZVS Analysis
ZVS of the switches S 1 and S 2 can be realized through the energy stored in the transformer leakage inductor, while ZVS of S 3 and S 4 is always maintained, because the proposed driving scheme ensures that paralleling diodes of S 3 and S 4 will be forced on before the two switches turn ON.
After S 4 is turned OFF, the leakage energy is released to discharge the S 1 parasitic capacitor and charge S 2 , S 3 , and S 4 's parasitic capacitors, to create the ZVS condition of S 1 . And the following condition should be satisfied:
where L k is the transformer leakage inductance, MOSFET parasitic capacitances of S 1 , S 2 , S 3 and S 4 are assumed to be equal as C oss , and I M is the average transformer magnetizing current, which satisfies:
Rearranging (5), we can obtain I M as follows:
After S 1 is turned OFF, the leakage energy will charge the S 1 parasitic capacitor and discharge S 2 , S 3 , and S 4 's parasitic capacitors to achieve ZVS for S 2
According to (7) , when the load current I o is small and the transformer magnetizing current I M is large, I M − nI o < 0 cannot be met. In other words, ZVS of S 2 will be lost. However, in most load/source conditions, ZVS of S 2 is achievable.
It should be noted that ZVS of S 3 and S 4 can be naturally achieved if the voltage relation V b < V w < V s is satisfied to ensure that the paralleling diodes will always be forced on before these switches turn ON. On one hand, V w < V s is not difficult to meet since the solar port and wind port can be reversed if the wind port voltage V w is larger than the solar port voltage V s . Even if V w is not always lower than V s in the whole voltage ranges, the converter itself still works, but may lose some conduction period for the S 2 branch depending on the driving overlap of S 2 and S 3 . The solution is to change the driving scheme to avoid the S 2 and S 3 overlap. On the other hand, it is a step-down conversion from PV or wind port to battery port; therefore, the battery voltage V b will be always lower than the PV voltage V s and the wind source voltage V w .
To sum up, ZVS of all main switches can be achieved to maintain higher efficiency when the converter is operated at higher switching frequency, because of the potential savings in switching losses.
E. Circuit Design Considerations
When considering the semiconductor stresses, this modified half-bridge topology shows striking similarity to its traditional half-bridge counterpart. The major difference is that the transformer design of this four-port converter needs to allow for a dc current flow, and therefore, becomes similar to an inductor or a flyback transformer design. The dc biasing current rating is dictated by (6) , which determines the amount of the air gap to be inserted. Other than the transformer, the circuit design and optimization technique used for the traditional half-bridge topology can be used here for this four-port topology, which provides great convenience for the practicing engineers to implement the power stage design.
III. CONTROL STRUCTURE AND DYNAMIC MODELING
The proposed converter has three freedoms to control the power flow of three power ports, while the fourth port is to maintain the power balance. That means the operating point of up to three ports can be tightly regulated, while the fourth port should be left "flexible" and would operate at any point that satisfies the power balance constraints. The choice of the flexible power port dictates the feedback control layout, which is based on different control objectives. For instance, if the battery is chosen to be left "flexible," the maximal power from the solar and wind sources can be tracked by their port voltages or currents independently, and the load voltage can be regulated by a voltage feedback as well. Fig. 5 shows the control structure for the hybrid PV wind system. Three feedback controllers are as follows: a solar voltage regulator (SVR), a wind voltage regulator (WVR), and an output voltage regulator (OVR).
A. Control Structure
The OVR loop is simply a voltage-feedback loop, closed around the load port, and duty cycle d 1 is used as its control input. The SVR loop is used to regulate the PV panel voltage to its reference value, which is provided by an MPPT controller. And the reference value represents an estimate of the optimal operating PV voltage; duty cycle d 2 is used as its control input. The WVR loop is taking a very similar structure to SVR, except that its voltage reference represents the optimal operating voltage of the rectified wind turbine output voltage. The WVR loop is made to control d 3 . This control strategy allows the load voltage to be tightly regulated while maximizing the PV and wind power harvesting. In this system, the battery storage plays the significant role of balancing the system energy by injecting power at heavy loads and absorbing excess power when available PV and wind power exceeds the load demand.
B. Dynamic Modeling
In order to design the SVR, WVR, and OVR controllers, a small signal model of the four-port converter is desired. The detailed modeling procedure can refer to [19] , which is proposed for a three-port converter. And for this four-port converter, the general modeling procedure is very similar to [19] . Therefore, to avoid unnecessary repetition, only a brief introduction is given here. First, state-space equations for five energy storage elements during the four main circuit stages are developed. For the aforementioned mode of operation, these include the solarside capacitor C s , the wind-side capacitor C w , the transformer magnetizing inductor L M , the output inductor L o , and the output capacitor C o . In the next step, state-space equations in the four main circuit stages (corresponding to the turn ON of four main switches) will be averaged, and then applied with the small signal perturbation. Finally, the first-order small-signal perturbation components will be collected to form the matrices A and B, which actually represent the converter power stage model. It should be noted that the symbolic derivation of these transfer functions is fairly tedious. Alternatively, the dynamics of the plant can be calculated by computer software like MATLAB. The resultant state-space averaging model takes the following form:
wherex(t) is a matrix containing the small signal state variableŝ
is a matrix containing the control inputsd 1 (t),d 2 (t), andd 3 (t),ŷ(t) is a matrix containing the system outputs, and I is the identity matrix.
With matrices A and B, transfer functions for PV, wind and output voltages to different duty-cycle values can be extracted according to (10) . For example, G(s) (5, 1) 
C. Decoupling Method
As can be seen from Fig. 6 , the three control loops are coupled with each other, which make it difficult to design close-loop compensators for each control loop. Therefore, a decoupling network, as shadowed in Fig. 6 , is introduced, so that the control loops can be designed independently with different control-loop bandwidth requirement. Since output-port voltage regulation requirement is the most stringent of the three and the PV panel and wind turbine characteristics are relatively slower, the SVR loop is designed to have a one-decade lower bandwidth than that of OVR. Moreover, WVR bandwidth can be set to be lower than that of SVR to further reduce SVR and WVR loop interactions, since the mechanical behavior of wind blades is slower than the PV behavior of PV panels.
The derivation of decoupling network G * is described as follows. The state vector matrix X can be written as X = G·U * , where U * is the modified input vector made up of duty cycles U , U * = G * ·U . Therefore, X = G·G * ·U . According to modern control theory, our goal is to make G·G * a diagonal matrix to allow one control input to determine one output independently. Therefore, based on G * = G −1 ·X·U −1 , the decoupling matrix G * can be derived and simplified as follows: 
It should be noted that the decoupling network is only intended to calculate and derive the separate control objects, while it does not need to be implemented in the real controller design. In other word, the decoupling can be taken as one part of the control objects, but not included in the compensators. Now, the cross-coupled three-loop control system is decoupled into three independent single-loop subsystems. The system can then be controlled using independent loop controllers and each compensator can be designed separately as well. For example, the OVR controller can then be designed based on the following plant transfer function:
The open-loop OVR-loop bode plot implies that it has two main poles at around L o C o resonance, which causes a −40 dB/decade slope for gain plot while not having enough phase margin. This double pole characteristic is because that this topology is buck-type derived in terms of the output port. Therefore, the design objective is to make the gain plot pass 0 dB line at −20 dB/decade slope while maintaining a sufficient phase margin. A tradition PID controller is recommended to boost the phase. The PID compensator of H OVR takes the following form:
80(s/2π400 + 1)(s/2π500 + 1) s(s/2π4000 + 1)(s/2π5000 + 1) .
Similarly, SVR and WVR controllers can also be designed once their decoupled plant transfer functions are derived. The SVR and WVR bode plots before compensation have very high bandwidth. But the control bandwidth should be reduced to minimize loop interaction, SVR compensator H SVR is then designed to enforce relatively low control-loop bandwidth with some phase boost. Therefore. a PID controller with very low gain is adopted to achieve this design goal. And WVR compensator H W VR is set at even lower gain to have a lower bandwidth than SVR loop. H SVR and H W VR are designed as follows:
H W VR = 0.02(s/2π20 + 1)(s/2π30 + 1) s(s/2π1000 + 1)(s/2π1500 + 1) . 
IV. EXPERIMENTAL RESULTS
A four-port dc/dc converter prototype is built to verify the circuit operation. The circuit parameters are: solar port, 30-40 V/1.5 A; wind port, 20-30 V/1.5 A; battery port, 12-18 V/3 A; and output port, 12 V/3.3 A. The switching frequency is 100 kHz, and it is implemented by the digital control to achieve the close-loop regulation. Fig. 7 gives the steady-state waveforms when loading the output port (a) and loading the battery port (b). The switch-node voltage V sw shows a four-stage wave shape, corresponding to the turn ON of four main switches with four different voltage levels. In addition, there is no CCM and DCM transition for the output inductor current i L o , which avoids the sharp change of plant dynamic characteristics and simplifies the output-voltage feedback-controller design. The transformer magnetizing current i p is determined by both the reflected output current and the battery current.
Figs. 8 and 9 show the gating signal V gs and switching node V sw waveforms of the switches S 1 and S 2 . Since S 3 and S 4 have ZVS under all conditions, as mentioned earlier, only S 1 and S 2 waveforms are presented here. The conclusion is that all four main switches can achieve ZVS, because they all turn ON after their V ds go to zero. Table II shows eight different load and source combinations with each one of them to be either 10% or 90% load/source condition, while the battery port provides the power balance. The test setup is realized by connecting the solar port and wind port of the converter to two independent PV array simulators instead of the solar panel and the wind turbine. Then, two different I-V curves are assigned for the solar and wind port, and the DSP code is tuned so that the SVR and WVR voltage references are at 10% or 90% rated current point. As a result, two sources will have four different combinations. A battery is connected to sink the excess power or source the deficit power, and the load is set to sink either 10% or 90% rated output current. Therefore, there are eight different conditions for one load and two sources, as described in Table II . Fig. 10 depicts all three-port voltages under different load/source conditions. The cross regulation of V s , V w , and V o are 0.5%, 0.6% and 1.1%, respectively. This confirms its capability to regulate three of the four ports tightly. Fig. 11 shows the efficiency curve under different load/source conditions, as shown in Table II . The highest efficiency is 93.9% when most of the power is exchanged within the primary side from the solar and wind port to the battery port; the reason is that this operation has minimal transformer losses. these experiments provide a quick approximation that MPPT of the PV panel and the wind turbine SVR can be achieved at the same time while maintaining a regulated output voltage. In terms of the settling time, the output-voltage transient response is much faster than that of the solar or the wind port, while the transient of the solar port is slightly faster than that of the wind port. Because OVR bandwidth is ten times larger than that of SVR and SVR bandwidth is four times larger than that of WVR. Fig. 13 gives the measured bode plots for these control loops, the loop bandwidth for OVR, SVR, and WVR are 2 kHz, 200 Hz, and 50 Hz, respectively. The controllers take the PID format to ensure sufficient phase margin and guarantee the stable operation of this multiport converter under all load/source conditions. The large phase boost in SVR-and WVR-loop measurement is because the placement of poles is far away from the zeros. The reason for the bandwidth limitation is that the output dynamics is the most stringent of the three, while PV panel and wind turbine dynamics are relatively slower. The aforementioned control-loop bandwidth limitation is helpful to reduce the loop interactions.
V. EXTENSION OF THE TOPOLOGY
In the proposed four-port dc/dc converter, there are two input switch branches, which enable two sources. However, the number of the unidirectional switch branches is not limited. Addition of a half-bridge upper switch plus a diode will provide one more input port to interface another renewable energy source. Fig. 14 is a generalized multiport dc/dc converter with n input ports, one bidirectional port, and one isolated output port.
VI. CONCLUSION
This paper has presented a novel dc/dc converter topology capable of interfacing four dc power ports: two input source ports, a bidirectional storage port, and a galvanically isolated loading port. The converter features low component count and ZVS operation for all primary switches. Modification based on the traditional half-bridge topology makes it convenient for the practicing engineers to follow the power stage design. Three degrees of freedom necessary to control power flow in the system are provided by a four-stage constant-frequency switching sequence.
This four-port converter is suitable for renewable energy systems, where the energy storage is required while allowing tight load regulation. It is suitable for low-power applications since based on the half-bridge topology, while the multiport converter based on the full-bridge topology maybe suitable for high-power applications. For the hybrid PV wind system, the proposed control structure is able to achieve maximum power harvesting for PV and/or wind power sources, meanwhile maintaining a regulated output voltage. The close-loop controller design is investigated based on the dynamic modeling of the converter power stage. Proper decoupling method is introduced to help design close-loop compensators for such a cross-coupled control system. The circuit operation of this converter and its control system is experimentally verified. Although the proposed fourport converter only has two input ports, it can be extended to have n input ports.
